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ABSTRACT
eHWC J2019+368 is one of the sources emitting γ-rays with energies higher than
100 TeV based on the recent measurement with the High Altitude Water Cherenkov
Observatory (HAWC), and the origin is still in debate. The pulsar PSR J2021+3651
is spatially coincident with the TeV source. We investigate theoretically whether the
multiband nonthermal emission of eHWC J2019+368 can originate from the pulsar
wind nebula (PWN) G75.2+0.1 powered by PSR J2021+3651. In the model, the spin-
down power of the pulsar is transferred to high-energy particles and magnetic field
in the nebula. As the particles with an energy distribution of either a broken power-
law or a power-law continually injected into the nebula, the multiband nonthermal
emission is produced via synchrotron radiation and inverse Compton scattering. The
spectral energy distribution of the nebula from the model with the reasonable param-
eters is generally consistent with the detected radio, X-ray and TeV γ-ray fluxes. Our
study supports that the PWN has the ability to produce the TeV γ-rays of eHWC
J2019+368, and the most energetic particles in the nebula have energies up to about
0.4 PeV.
Key words: ISM: individual objects (G75.2+0.1) – radiation mechanisms: non-
thermal
1 INTRODUCTION
A source emitting γ-rays with energies above 100 TeV is a
potential candidate which can accelerate cosmic-rays to the
”knee” at ∼ 1 PeV. Detecting and identifying them can shed
light on the primarily contributor to the Galactic cosmic-
rays. Recently, Abeysekara et al. (2020) reported that nine
sources had been detected above 56 TeV with HAWC, and
three of them, eHWC J1825-134, eHWC J1907+063 and
eHWC J2019+368, emit γ-rays past 100 TeV.
The 100 TeV source eHWC J2019+368 has an integral
flux of ∼ 1.6 × 10−14 ph cm−2 s−1 above 56 TeV based on
the HAWC results (Abeysekara et al. 2020). It is within the
Cygnus region, which is composed of some potential cosmic-
ray accelerators (Abdo et al. 2007a; Bi et al. 2009; Bartoli
et al. 2012; Abeysekara et al. 2018). This source was firstly
detected with Milagro (MGRO J2019+37) in TeV γ-rays
with a flux of ∼ 80% of the Crab nebula (Abdo et al. 2012).
Moreover, the observation with VERITAS indicated an ex-
tended source VER J2016+378 constitutes the bulk of the
TeV emission, and the γ-ray region contains the energetic
pulsar PSR J2021+3651 and the star formation region Sh
2-104 (Aliu et al. 2014).
GeV γ-rays from PSR J2021+3651 have been detected
with Fermi-LAT, and the upper limit on the GeV γ-rays
from the putative PWN named G75.2+0.1 (Hessels et al.
2004; Van Etten et al. 2008), is < 10% of the pulsed emis-
sion (Abdo et al. 2009). Mizuno et al. (2017) performed X-
ray studies on VER J2016+378 using the data of Suzaku and
XMM-Newton. The X-ray nebula was indicated to have an
extension of more than 27′ along the major axis, and the as-
sociation of it with the TeV source VER J2016+378 was sup-
ported. Based on the multi-band data obtained with XMM-
Newton, INTEGRAL, and Fermi-LAT, Hou et al. (2014)
proposed that the γ-rays of MGRO J2019+37 might be pro-
duced by the high-energy electrons in G75.2+0.1.
Terminate shocks in PWNe are generated due to the
interaction of the relativistic winds blown from the pulsars
with the ambient medium, and the energy of the flow can be
efficiently transferred into electrons/positrons and magnetic
field (Gaensler & Slane 2006; Amato 2020). Particle in cell
simulations on relativistic shocks indicated that the elec-
trons/positrons could be accelerated to high-energies when
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they bounce around the shock (Spitkovsky 2008; Crumley
et al. 2019). Studies on PWNe indicated that they had
the ability to produce multi-wavelength nonthermal emis-
sion from radio to TeV γ-rays via synchrotron radiation and
inverse Compton scattering.
In this paper, we investigate whether the nebula
G75.2+0.1 powered by the pulsar PSR J2021+3651 has the
ability to produce the TeV flux of eHWC J2019+368 with
appropriate parameters based on a time-dependent model
for the multiband nonthermal emission from PWNe. In Sec-
tion 2, the detail of the model is described. The results on
the nebula are presented in Section 3. Finally, the discussion
and summary are given in Section 4.
2 THE MODEL FOR THE MULTIBAND
NONTHERMAL EMISSION FROM PWNE
In a PWN, high-energy leptons (electrons and positrons) are
continually injected when the pulsar spins down gradually.
The lepton distribution N(γ, t) at time t can be solved from
the diffusion equation (e.g., Fang & Zhang 2010; Mart´ın
et al. 2012),
∂N(γ, t)
∂t
=
∂
∂γ
[γ˙(γ, t)N(γ, t)]− N(γ, t)
τ(γ, t)
+Q(γ, t) , (1)
where γ˙(γ, t) is the energy loss rate of the lorentz factor of
the leptons, τ(γ, t) is the escape time due to Bohm diffusion
(Zhang et al. 2008), and Q(γ, t) represents the injection of
the particles per unit time in the whole nebula.
For a pulsar with period P , period-derivative P˙ , break-
ing index n and age tage, the characteristic age is τc = P/2P˙ ,
and the spin-down luminosity is
L(t) = 4pi2I
P
P˙ 3
, (2)
where the moment of inertia of the pulsar I is adopted to
be 1045g cm2 in this paper. The injection luminosity equals
L(t), and it follows (Gaensler & Slane 2006)
L(t) = L0
(
1 +
t
τ0
)− n+1
n−1
, (3)
where L0 is the initial luminosity, and the initial spin-down
time scale of the pulsar is
τ0 =
2τc
n− 1 − tage. (4)
The spin-down luminosity is transferred into particles
and magnetic field. Assuming the magnetic energy fraction
is η, the magnetic field strength in the PWN is (Tanaka &
Takahara 2010; Mart´ın et al. 2012)
B(t) =
3(n− 1)ηL0τ0
R3PWN(t)
[
1−
(
1 +
t
τ0
) 2
n−1
]
, (5)
and the radius of the nebula in the free expanding phase is
(van der Swaluw et al. 2001; van der Swaluw et al. 2003;
Torres et al. 2014)
RPWN(t) = 0.84
(
L0t
E0
)1/5(
10E0
3Mej
)1/2
t, (6)
where E0 = 10
51erg is the knetic energy of the supernova
ejecta with a mass of Mej = 9.5M for the PWN in this
paper. η = 0.03 is adopt in Torres et al. (2014) to model the
Crab nebula, and we also use this fraction in this paper.
Leptons are continually injected into the PWN with
a distribution of a power-law (Kennel & Coroniti 1984;
Reynolds & Chevalier 1984)
Q(γ, t) = Q0(t)γ
−α, (7)
or a broken power-law (Kennel & Coroniti 1984; Reynolds
& Chevalier 1984)
Q(γ, t) = Q0(t)

(
γ
γb
)−α1
if γ 6 γb ,(
γ
γb
)−α2
if γb < γ 6 γmax .
(8)
Q0(t) is given by (Mart´ın et al. 2012; Torres et al. 2014)
(1− η)L(t) =
∫
γmec
2Q(γ, t)dγ. (9)
The maximum energy of the particles is determined accord-
ing to the Larmor radius RL must be smaller than a fraction
of the radius of the termination shock Rs, i.e., RL = εRs,
where ε is the fractional size of the shock (Mart´ın et al.
2012). A range of 0.2 6 ε 6 1/3 is usually adopted to de-
rive the maximum energy of the particles for PWNe (Mart´ın
et al. 2012; Torres et al. 2014). The maximum Lorentz factor
can be derived from (Mart´ın et al. 2012; Torres et al. 2014)
γmax(t) =
εeκ
mec2
(
ηL(t)
c
)1/2
, (10)
where me, e are the electron mass and charge. For strong
shocks, the magnetic compression ratio at the shock is about
3, and we fix κ to 3 in this paper (Holler et al. 2012; Mart´ın
et al. 2012).
After the particles are injected into the PWN, they en-
counter adiabatic and radiation losses. Multiband nonther-
mal emission is produced via synchrotron and inverse Comp-
ton scattering off the background soft photons, which consist
of the synchrotron emission, cosmic-microwave background
(CMB), and IR/optical photon fields. Details of the formu-
lae on the two radiative processes used in the calculation
can be found in the appendixes of Mart´ın et al. (2012).
3 RESULTS
The rotational period of the pulsar PSR J2021+3651 is
0.104 × 10−3 s (Roberts et al. 2002). With the first pe-
riod derivative P˙ = 9.6 × 10−14 s s−1 , the characteristic
age is τc = 1.7 × 104 yr, and the current luminosity is
3.4 × 1036erg s−1. The distance of the pulsar has been es-
timated to be 1.8+1.7−1.4 kpc (Kirichenko et al. 2015), and we
adopt 1.8 kpc in this paper. The three interstellar photon
fields involved in calculating the spectrum of the inverse
Compton scattering are CMB with temperature Tcmb =
2.7 K and energy density Ucmb = 0.25 eV cm
−3, IR back-
ground with TIR = 30 K and UIR = 0.3 eV cm
−3 (Mizuno
et al. 2017), and star light (SL) with Ts = 5000 K and
Us = 1 eV cm
−3.
The age of PSR J2021+3651 is unknown, and we firstly
adopt it to be 104 yr. With this age, the initial spin-down
time scale is τ0 = 7.15× 103 yr, and the initial luminosity is
L0 = 1.95 × 1037erg s−1. Torres et al. (2014) investigated
the multiband radiative properties of some TeV-detected
c© 2020 RAS, MNRAS 000, 1–6
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Figure 1. The evolution of the magnetic field strength in the
PWN with η = 0.03.
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Figure 2. Cooling times for synchrotron radiation, adiabatic loss,
inverse Compton scattering and the escape time for Bohm diffu-
sion at tage = 104 yr.
PWNe, the energies contained in the particles and the mag-
netic field do not satisfy equipartition. The magnetic energy
ratio η is usually < 0.1 to reproduce the detected multiband
fluxes for the PWNe. As illustrated in Fig.1 and Eq.5, the
magnetic field decreases with time due to the expansion of
the nebula. With η = 0.03, which is the same as the Crab
nebula in Torres et al. (2014), the magnetic field strength in
the nebula is 2.7µG at a time of 104yr. Fig.2 indicates the
cooling times for the synchrotron radiation, the adiabatic
loss, the inverse Compton scattering and the escape time
due to the Bohm diffusion for the particles with different
lorentz factor. For γ < 108, the adiabatic loss is the domi-
nate process to cool the particles. For 5×108 < γ < 5×109,
the synchrotron radiation becomes the most prominent pro-
cess, and the particles with γ ∼ 1010 escape quickly from
the nebula via the Bohm diffusion.
With the assumption that the particles injected in
G75.2+0.1 have a broken power-law distribution with α1 =
1.5, α2 = 2.5, γb = 2.0 × 105 and ε = 1/3 (Model A). At
tage = 10
4 yr, as indicated in Fig.3, the particle spectrum has
a break at γb and a cutoff Lorentz factor ∼ 1.2× 109 (∼ 0.6
PeV). The resulting photon spectra at tage = 10
4 yr from the
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Figure 3. Particle distributions of the electrons/positrons in the
nebula on γ for the Models A and B at tage = 104 yr.
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Figure 4. Spectral energy distribution from the model for the
PWN G75.2+0.1 with tage = 104 yr. The observed fluxes in the
radio, X-ray and γ-ray bands are taken from Paredes et al. (2009),
Mizuno et al. (2017), Abdo et al. (2007a,b, 2009a), Aliu et al.
(2014) and Abeysekara et al. (2020).
synchrotron, the SSC and the inverse Compton scattering
off the CMB, IR background and SL are illustrated in Fig.4.
The radio flux density detected with the Very Large Array
(VLA) is 700 mJy at 1.4 GHz for the extend emission with an
extension of ∼ 100′2 in the vicinity of the PWN G75.2+0.1
(Paredes et al. 2009). The X-ray spectrum derived from the
observations with Suzaku and XMM-Newton corresponds
to a flux of 7 × 10−12 erg cm−2 s−1 with a photon index of
2.05 in 2-10 keV for the overall PWN (Mizuno et al. 2017).
The fluxes with VERITAS for the source VER J2019+368
and Milagro for MGRO J2019+37 at 12, 20, 35 TeV are also
shown in Fig.4. The spectrum of VER J2019+378 detected
by VERITAS can be fitted with a power-law with an index
of ∼ 1.75 in 1 – 10 TeV (Aliu et al. 2014) and the detected γ-
ray flux is lower than that with HAWC. The observational
results are summarized in Table 1. The synchrotron spec-
c© 2020 RAS, MNRAS 000, 1–6
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Table 1. Summary of observations
Observatory E2dN/dE energy (range) source name (extension) reference
erg cm−2 s−1 MeV
VLA 5.8× 10−12 9.8× 10−15 (∼ 100′2) Paredes et al. (2009)
Suzaku, XMM-Newton 7× 10−12 (2 – 10) ×10−3 (∼ 30′ × 12′) Mizuno et al. (2017)
VERITAS (1 – 30) ×106 VER J2019+368 (∼ 20.4′ × 7.8′) Aliu et al. (2014)
HAWC (1 – 177) ×106 eHWC J2019+368 (0.20± 0.05◦) Abeysekara et al. (2020)
Milagro (5.6± 1.7)× 10−12 12× 106 MGRO J2019+37 Abdo et al. (2007a)
(5.6± 0.9)× 10−12 20× 106 MGRO J2019+37 (1.1± 0.5◦) Abdo et al. (2007b)
(2.1± 0.2)× 10−12 35× 106 MGRO J2019+37 Abdo et al. (2009a)
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Figure 5. The spectral energy distributions at different times
from the model for the PWN G75.2+0.1 with tage = 104 yr. The
others are the same as Fig.4.
trum has a break at ∼ 10−9MeV due to the change of the
index of the particle spectrum at γb, and the higher energy
cutoff at several keV results from the energy losses. In the
TeV band, the γ-rays are mainly produced via the inverse
Compton scattering off the CMB and IR photons, and the
SSC process is negligible in producing the γ-rays with such
a low magnetic field strength of 2.7µG. The resulting spec-
trum from the inverse Compton scattering is consistent with
those obtained by HAWC with energies above 3 TeV, but at
lower energies the γ-ray flux from the model is significantly
higher than those by either HAWC or VERITAS.
With an age of 104 yr, the spectral energy distributions
at different times are indicated in Fig.5. The synchrotron ra-
diation diminishes significantly with time because the mag-
netic field decreases due to the expansion of the nebula. In
the γ-ray band above 10 MeV, the spectrum from the inverse
Compton scattering after a time of ∼ 104 yr saturates due
to the balance of the injection of the high-energy particles
and the processes of the energy losses.
The effect of the age on the resulting multiband spec-
tral energy distribution of the PWN is illustrated in Fig.6
and Fig.7. With an age of 8×103 yr, the initial luminosity is
L0 = 1.2×1037erg s−1, and less energy is injected in the neb-
ula compared with tage = 10
4 yr. As illustrated in Fig.6, the
resulting flux in the band of 1 – 30 TeV is lower than that ob-
tained with HAWC. Whereas for tage = 1.2×104 yr, a higher
initial luminosity L0 = 3.8×1037erg s−1 is adopted, and the
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Figure 6. Spectral energy distribution from the model for
G75.2+0.1 with tage = 8 × 103 yr. The others are the same as
Fig.4.
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Figure 7. Spectral energy distribution from the model for
G75.2+0.1 with tage = 1.2 × 104 yr. The others are the same
as Fig.4.
resulting γ-ray flux is relatively higher than the HAWC re-
sult (see Fig.7). Therefore, with the energy densities of the
background radiation field and the broken power-law spec-
trum for the high-energy particles used in the model, an age
c© 2020 RAS, MNRAS 000, 1–6
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Figure 8. Spectral energy distribution from the model for
G75.2+0.1 with tage = 1.0 × 104 yr and a power-law spectrum
of the injected particles (α = 2.14). The others are the same as
Fig.4.
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Figure 9. Spectral energy distribution from the model for
G75.2+0.1 with a power-law spectrum of the injected particles
(α = 2.1). The others are the same as Fig.8.
of 104 yr is preferred to reproduce the detected TeV γ-ray
flux with HAWC.
Fig.8 indicates the resulting multiband spectrum as-
suming the particle injected into the nebula has a distribu-
tion of a power-law with α = 2.14 and tage = 10
4 yr (Model
B). The maximum energy of the particles in the nebula and
that of the most energetic γ-rays depend sensitively on ε,
which is constrained to 0.15 to reproduce the spectrum in
the TeV γ-rays measured with HAWC. The leptons have a
power-law distribution on the lorentz factor with a cutoff
energy of ∼ 0.4 PeV (Fig.3), and the break of the resulting
spectrum for the synchrotron at ∼ 10−9 MeV disappears.
The resulting flux in the band 1 – 10 TeV is significantly
lower than that with the broken power-law distribution for
the injected particles in the Model A. The flux in 3 – 20
TeV is consistent well with that detected by HAWC, and the
slope of the spectrum in 1 – 10 TeV obtained by VERITAS
can be better reproduced than the Model A. The multi-band
spectral energy distribution depends sensitively on the index
of the power-law distribution for the particles. Fig.9 shows
the spectral energy distribution for the nebula with α = 2.1
and the other parameters same as the Model B. With such
a harder spectrum, the fluxes both in the X-rays and in the
γ-rays are higher than the detected ones.
4 SUMMARY AND DISCUSSION
We study the multiband nonthermal emission of the PWN
G75.2+0.1 based on the time-dependent model, and in-
vestigate whether the nebula has the ability to produce
the TeV γ-rays of eHWC J2019+368. Assuming the elec-
trons/positrons injected into the nebula has the broken
power-law distribution, the resulting spectral energy distri-
bution of the PWN is generally consistent with the fluxes de-
tected by VLA, Suzaku + XMM-Newton and HAWC except
at 1.7 TeV. With the power-law spectrum for the injected
particles in the Model B, the γ-ray flux at 1.7 TeV detected
by HAWC and the slope of the spectrum in the band 1 – 10
TeV obtained by VERITAS can be better reproduced than
the Model A. Our studies indicate that the PWN G75.2+0.1
powered by the energetic pulsar PSR J2021+3651 is capable
of producing the γ-ray flux of eHWC J2019+368 with rea-
sonable parameters, and the energetic electrons/positrons in
the nebula have energies up to ∼ 0.4 PeV.
The γ-ray flux resulting from the inverse Compton scat-
tering depends on the age of the pulsar, because more en-
ergy can be injected into the high-energy electrons/positrons
in the nebula with an older age. Since the injection of the
high-energy particles is balanced by the energy losses after
a certain time, the TeV γ-rays resulting from the inverse
Compton scattering saturates. With η = 0.03, an age of
104 yr is derived in this paper to reproduce a γ-ray flux con-
sistent with the measurements in the TeV band. However,
the preferred age depends sensitively on the distance of the
pulsar. A larger distance implies an older age of the pulsar
to reproduce the detected γ-ray flux in the TeV band.
The Crab nebula is also a γ-ray source emitting photons
with energies past 100 TeV. Assuming the particles injected
into the nebula have a spectrum of a broken power-law with
α1 = 1.5, α2 = 2.5 and γb = 7×105, the multiband spectrum
consists well with the observed fluxes from radio to γ-rays
(Torres et al. 2014). The two indexes are the same as those
used in the Model A of this paper for the PWN powered by
PSR J2021+3651. The initial luminosity of the Crab pulsar
is ∼ 3.1 × 1039erg s−1 (Torres et al. 2014), which is about
16 times higher than that PSR J2021+3651 in this paper.
However, the inferred age for PSR J2021+3651 is about 10
times older than the Crab pulsar, and the spin-down energy
has been injected into the nebula for a longer time com-
pared with the Crab nebula. As a result, G75.2+0.1 has the
comparable ability to produce γ-rays as the Crab nebula.
Some of the detected TeV γ-rays of eHWC J2019+368
may be originated from the other sources in the Cygnus
region besides G75.2+0.1, such as the particles accelerated
from the ensemble of OB associations (Hou et al. 2014) and
the Hii region Sh 2-104 (Aliu et al. 2014). Further obser-
vations with the Large High Altitude Air Shower Observa-
c© 2020 RAS, MNRAS 000, 1–6
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tory (LHAASO) will give more insights into the origin the
high-energy particles producing the TeV γ-rays of eHWC
J2019+368 (Bai et al. 2019).
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